Introduction
G as phase dissociation of hydrogen deficient peptide radical cations has emerged as an exciting area of research as their fragmentation significantly differs from that of the corresponding even electron species. Hydrogen deficient radical species can be generated in the gas phase by numerous methods. For example, tandem ionization in which ions are irradiated with high energy electrons (910 eV) results in further ionization and formation of an [M + nH] (n+1)+· species [1, 2] . In addition, high energy collisions with molecular oxygen of protonated amino acids [3] , multiply protonated peptides [4] , and multiply proton-ated lysozyme (n=7-17) [5] , and also femtosecond laserinduced ionization/dissociation of protonated peptides [6] can be used for the generation of hydrogen deficient species. Other methods are based on chemical derivatization of peptides or proteins to introduce a labile bond, which can then be homolytically cleaved in CID or photodissociation to produce hydrogen deficient molecular ions [7] [8] [9] [10] [11] [12] [13] . Recently, a new method, based on corona discharge initiated electrochemical ionization, has been shown to generate hydrogen deficient species from even electron precursor ions complexed with Fe of the stainless steel spraying tip or with Cu(II) added to the analyte solution [14] .
A frequently used method for generation of hydrogen deficient species is based on low energy CID of ternary metal complexes containing an auxiliary ligand (L) and the peptide or amino acid (M), [Metal(L)M] n+ [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Under low energy CID, dissociation of the [Metal(L)M] n+ complex is observed and the metal-auxiliary ligand system removes an electron from the departing peptide resulting in the generation of the hydrogen deficient species [18, 21, 27] . This method was introduced by Siu and coworkers [15] and since its inception several investigations examine the role and the effect of the auxiliary ligand [18-20, 22, 24, 27-30] and the metal ion used [20, 31] in the generation of the radical cations. Furthermore, the individual amino acids, the peptide amino acid composition, and the position of the basic or the aromatic amino acids have been examined to determine their effect on the formation of the peptide radical cations [15-17, 27, 30, 32] . These investigations revealed that the gas phase chemistry of these metal-auxiliary ligandpeptides (or amino acids) complexes is extremely dynamic and diverse and that the generation of peptide radical cations is highly dependent on the choice of the auxiliary ligand. By altering the structure of the auxiliary ligand, competing fragmentation channels, such as peptide fragmentation or elimination of the protonated peptide, can be reduced and therefore the yield of the desired redox reaction generating the peptide radical cations can be maximized [18, 22, 24, 27] . Furthermore, the metal ion used, the peptide composition and the presence of specific amino acids, Tyr, Trp, Arg, Lys, His in the polypeptide also play a significant role in the generation of these radical cations [15-17, 27, 30, 32] . It should be pointed out that regardless of the metal ion and the auxiliary ligand used, the presence of both a basic, Arg, His, Lys, and an aromatic Trp or Tyr amino acid residue facilitate the formation of the [M + nH] (n+1)+· species [15] [16] [17] [18] [19] [20] . In addition to the investigations focusing on the generation of hydrogen deficient peptide radical cations, several reports have focused on their gas phase dissociation, mainly in CID [11, 21, [27] [28] [29] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . In the initial report of Siu and coworkers it has been demonstrated that CID of hydrogen deficient species exhibit different fragmentation patterns when compared to those obtained in CID of the even electron species [15] .
The presence of distonic ions, in which the charge and the radical site are located in different atoms in the molecule, is believed to play a significant role in the fragmentation pathways of hydrogen deficient radical cations [15, 17, 34] . Furthermore, both radical driven and charge driven processes have been shown to be important in the dissociation of hydrogen deficient species [27, 32, 34, 40, 43] . By comparing the fragmentation of M +· , [ 
M + H] 2+· and [M -2H]
-· species [36] , it was shown that charge remote radical driven fragmentation plays a significant role in the fragmentation of odd electron species and accounts for many side chain cleavages and backbone fragmentation, in agreement with previous reports [32] . While radical driven fragmentation favors side chain losses, either as neutral or radical losses, and dissociation of C α -C bonds, charge driven fragmentation favors the formation of y-and [b -H] · -type product ions [27, 32, 40, 43] . In addition, radical-directed fragmentation leads to the formation of c-and z-type product ions [9, 36, 44] .
Recently, CID fragmentation pathways of a series of arginine containing peptides featuring a well-defined initial location of the radical site were examined [40] . The peptide α-radical cations were generated in an MS 3 experiment by loss of a neutral side chain during CID of the M +· species, which was formed by in-source CID of [Co III (salen)M] + complexes. For arginine containing peptides, the dissociation was directed by radical driven processes. In contrast, the fragmentation of small α-radical peptide cations formed by the loss of the arginine side chain was dominated by charge directed processes resulting in cleavage of the amide bonds. The authors suggested that for α-radical cations of arginine containing peptides charge directed fragmentation is suppressed, because the proton is sequestered by the arginine. For α-radical cations of small peptides lacking an arginine, the proton is mobile and therefore charge directed fragmentation is energetically and kinetically favorable. For larger peptides, lacking an arginine, radical-driven fragmentation is much more pronounced [40] .
The role of the position of the basic amino acid residue, Arg, Lys, His, in the fragmentation of M +· precursor ions was also investigated [32] . It has been suggested that fragmentation reactions in CID of radical cations are determined by the competition between radical driven dissociation and charge directed dissociation. Furthermore, it was shown that radical driven side chain fragmentation reactions are influenced by the position of the basic amino acid and by the identity of the other amino acid residues present [32] .
Radical migration is another important factor affecting the fragmentation of large hydrogen deficient species as demonstrated by Julian and coworkers [11] . Radical migration was also reported in CID of peptide radical cations of DRVG · IHPF for which bond cleavages were remote from the initial location of the radical site suggesting that for this peptide the radical site is rather mobile [35] .
While CID dissociation pathways of singly charged peptide radical cations M +· , is a continuous area of research, very few reports investigated the dissociation of highly charged radical cations [21, 36, 44] . Doubly charged radical cations of several angiotensin derivatives were examined and it was suggested that these radical cations produce fragment ions similar to those observed in HECD, such as zand w-type product ions [21] . CID of the [M + H] 2+· precursor ions of angiotensin III, RVYIHPF, displays fragmentation, which is characteristic of both the protonated and radical species, resulting in amino acid side chain losses and formation of a-, y-and z-type product ions [36] . Furthermore, CID of [M + H] 2+· species, generated after photoactivation at 266 nm and collisional activation of peptides complexed with 5-iodo-2-(2-hydroxymethyl-18-crown-6)-naphthoate, resulted in abundant side chain losses and preferential fragmentation at aromatic amino acid residues to produce mainly a-type product ions. The authors suggested that fragmentation of radical precursor cations is primarily controlled by radical rather than charge driven processes [44] .
The several different fragmentation pathways observed between these reports [21, 36, 44] and the fact that less is known about the fragmentation pathways of highly charged hydrogen deficient radical cations motivated us to further explore their fragmentation behavior. We have investigated the fragmentation of singly, doubly and triply charged peptide radical cations in IRMPD and EID and compared the observed fragmentation pathways with those observed in CID.
Although dissociation in both IRMPD and CID is caused by vibrational excitation of the molecular ion and, therefore, they have many common characteristics, differences between these two dissociation techniques have been previously reported [45] [46] [47] [48] . A main advantage of IRMPD versus CID is that product ions are generated in the ICR cell and therefore discriminations against product ions with low m/z ratios, due to the time-of-flight effect, are eliminated. In addition, the product ions formed upon IRMPD are not subjected to the one-third rule, which is characteristic for CID performed in linear ion traps.
In contrast to CID and IRMPD, EID is an electron based dissociation technique. EID involves irradiation of the molecular ions with high energy electrons (910 eV). Depending on the electron energy several processes can occur such as electronic excitation and subsequent fragmentation [49] [50] [51] [52] [53] , further ionization [1, 2] , or further ionization followed by fragmentation of the molecular ions [53] [54] [55] . Such processes have been termed electron impact excitation of ions from organics [49] [50] [51] , electron induced dissociation [52] , electronic excitation dissociation [53, 55] , and electron ionization dissociation [54] . A more generic term, electron induced dissociation was proposed by O'Hair and coworkers to account for these different processes. Here, we use the term electron induced dissociation (EID) to describe the fragmentation observed upon electron irradiation of the molecular ions with high energy (910 eV) electrons. EID is more often employed for the fragmentation of singly charged species, including protonated amino acids [56] , protonated peptides [54, 56, 57] , protonated and sodiated betaine dimers [58] , oligosaccharides [59] , metalated fatty acids [60] , oxo-centered trinuclear carboxylate-bridged iron complexes [61] , deprotonated peptides [62] , metabolites [63] , and glycosaminoglycans [64] . More recently EID has also been applied for dissociation of multiply charged species in both positive [54, 65, 66] and negative [67] ion mode. In several of these investigations [56, 61, 63, 67] it has been demonstrated that EID provides complementary information to those obtained in CID.
The experiments presented here seek to expand our understanding of the gas-phase dissociation of hydrogen deficient radical species, investigate the effect of charge state on their dissociation outcome, and compare the fragmentation pathways observed following IRMPD, EID and CID. Singly, doubly, and triply charged hydrogen deficient radical cations were generated by CID of the [Cu (II) 
Mass Spectrometry and Data Analysis
All experiments were performed on a 7 T LTQ FT-ICR Ultra mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Samples were directly infused in positive ion mode at a flow rate of 1 μL/min, using a fused silica transfer tubing connected to a stainless steel spraying needle (New Objective, Woburn, MA (n+2)+· complexes after isolation of the latter in the linear ion trap followed by CID. CID was performed in the linear ion trap with helium as collision gas. Collision energies were optimized to maximize the abundance of the radical product ions. These radical ions were then isolated in the linear ion trap, with an isolation window of 4-5 Da, and either subjected to CID or transferred into the ICR cell for IRMPD and EID experiments. The automatic gain control (AGC) target value was set at 1×10 4 ions for CID experiments and at 2-5×10 5 ions for IRMPD and EID. The maximum ion injection times were 150 ms for CID, and 1000-2000 ms for IRMPD and EID. The collision energy, the irradiation times, the laser power and the cathode voltages were adjusted for each radical precursor ion to achieve optimal fragmentation. CID was carried out with a normalized collision energy of 12%-30% and 30 ms activation time. The resulting product ions were transferred into the ICR cell for accurate mass measurement analyses. We note here, that following CID some product ions, detected at low m/z ratios in the linear ion trap, were not efficiently transferred in the ICR cell due to the time-of-flight effect, therefore accurate mass measurements of these product ions were not feasible. When applicable, their m/z ratios were compared to those obtained in MS 3 IRMPD and assignments were made.
IRMPD experiments were performed with a continuous 20 W, 10.6 μm, CO 2 laser (Synrad, Mukilteo, WA, USA) at 60%-90% laser power and photon irradiation times of 30-150 ms. For doubly charged neurotensin precursor ions, a higher irradiation time of 250 ms was required for efficient fragmentation. EID experiments were carried out with an indirectly heated dispenser cathode (Heatwave, Watsonville, CA, USA) at a cathode potential of −14.2 V to −21.2 V and irradiation time of 50-100 ms.
All spectra were acquired with Tune Plus (ver. 2.2, Thermo Fisher Scientific) using a resolution of 25,000 or 50,000 at m/z 400. Data processing was performed with Qual Browser analysis software (ver. 2.0.7, Thermo Fisher Scientific). Product ion spectra were interpreted with the aid of Fragmentor 1.2.2 (http://www.faculty.ucr.edu/~ryanj/fragmentor.html) and the MS Product function (http://prospector.ucsf.edu/prospector/ cgi-bin/msform.cgi?form=msproduct) in Protein Prospector. Only peak assignments with a mass accuracy better than 10 ppm were accepted. ]-angiotensin III and ACTH 1-10, the quadruply charged [Cu (II) (terpy)(M + 2H)]
Results and Discussion
4+· complex was not detected and, thus, generation of the triply charged radical cations of these two peptides was not feasible.
All hydrogen deficient peptide cations examined here contain a tyrosine or tryptophan, which can easily form radical cations due to their low ionization energy. Furthermore, three of the examined peptides contain a histidine, which has also been shown to successfully generate radical cations [30] . We can therefore postulate that the unpaired electron is likely to be located at any of these three residues. It is important to note, that the exact location of the unpaired electron cannot be unambiguously determined because the binding mode of the peptide to [Cu
II (terpy)]
2+· complex is not well defined, i.e., it is unclear which amino acid and which part of the amino acid binds to the [Cu II (terpy)] 2+· complex, and also radical migration has been shown to commonly occur in large hydrogen deficient peptides [11, 35, 40, 42, 69] . MS 3 IRMPD, EID, and CID fragmentation summary of the examined peptides is displayed in Schemes 2, 3, 4 and 5. Complete lists of all assigned product ions with their relative abundances are given in Supplemental Data in Tables S1-S27 . Amino acid side chain losses are summarized in Tables S28-S39 . CID was performed for comparison and a detailed discussion is given in Supplemental Data. Formation of a 9 and a 6 product ions, resulting from cleavages next to the two histidine residues was abundant ( Figure 2a ). Enhanced cleavage at aromatic residues was also observed in CID of the same species ( Figure S1 ) and is in accordance with previous reports [44, 70, 71] . In the IRMPD spectrum, the a 5 and a 6 product ions were observed as [a 5 +· type product ions has been previously observed in CID [40] and SID [35] spectra of hydrogen deficient peptide radical cations. In our CID spectrum of the singly charged radical cations of angiotensin I, the a-type product ions were detected as even electron species. Furthermore, formation of z 7 · , z 9 · , x 7 · , ]-angiotensin III.
a Backbone product ions exhibiting one amino acid side chain loss are also included if their relative abundance was ≥5% for CID and IRMPD and ≥0.5% for EID Scheme 4. CID, IRMPD and EID fragmentation summary a of radical cations of ACTH 1-10.
a Backbone product ions exhibiting one amino acid side chain loss are also included if their relative abundance was ≥5% for CID and IRMPD and ≥0.5% for EID fragmentation pathways, which were not observed for the singly charged radical precursor ions. These include, mainly, formation of b-, y-, and x-type product ions. Side chain loss from aspartic acid (COOH · , 44.9976 Da) observed from the b-type product ions was also present. Loss of CO 2 (43.9898 Da) and the majority of amino acid side chain losses were common for both charge states, although these were more pronounced for the doubly charged precursor ions. A series of a-type product ions, detected with high yields, was present in the spectrum. All a-type product ions, detected for the singly charged species, were also present in the doubly charged counterpart, whereas the a 3 and a 4 product ions were only observed for the doubly charged radical cations. The most abundant backbone product ions were a 9 and y 8 ions (Figure 2a) . The former is due to cleavage next to histidine and it was also the most abundant backbone product ion in IRMPD of the singly charged radical precursor ions. The y 8 was also observed in IRMPD of the doubly charged even electron precursor ions (data not shown) but represented a minor product ion, suggesting that radical driven dissociation also contributed to the formation of this product ion.
Although, the MS 3 IRMPD and CID spectra of the doubly charged radical cations of angiotensin showed several similarities, such as formation of abundant a-type product ions, side chain losses from tyrosine and aspartic acid and CO 2 loss, they were not identical. For instance, some backbone product ions were unique for each spectrum (Scheme 2). In addition, several z-type product ions were detected in CID, whereas in IRMPD C-terminal x-type product ions were present. Formation of odd electron z-type product ions has been previously observed in MS 3 CID of hydrogen deficient radical cations and it was suggested that odd electron z-type product ions can be formed from unstable [x n + H] +· product ions by loss of isocyanic acid through a radical driven process [44] . Furthermore, formation of x-type product ions from radical cations has been recently discussed in detail [40] . In our experiments, although z-and x-type product ions were present they were detected with lower intensities when compared to a-, b-and y-type product ions.
Triply Charged Radical Cations [M + 2H] 3+·
As shown in Figures 1c and 2a , MS 3 IRMPD of triply charged radical cations of angiotensin I resulted in extensive fragmentation. Similar to the IRMPD spectra of the singly and doubly charged radical cations, CO 2 loss corresponded to the most abundant product ion. For the triply charged species tyrosine (106.042 Da) side chain loss was dominant whereas for the singly and doubly charged species, this loss represented a minor fragmentation pathway. Loss of COOH · from aspartic acid, observed from the a-and b-type product ions, was also prevalent for the triply charged radical cations. Almost all backbone product ions containing aspartic acid exhibited loss of 44.9977 Da indicating cleavage of COOH · [abbreviated as −45(D)]. A wide range of a-, b-, y, and z-type product ions was also observed. The vast majority of these backbone product ions were detected with high relative intensities as shown in Figure 2a . The y 1 , y 2 , y 4 , and x 4 -CO 2 were also present following IRMPD of the triply charged even electron precursor ions (data not shown). The a 3 , a 8 , z 2 · -56(I) and z 5 · were only observed from the radical species and they correspond to cleavages next to tyrosine, phenylalanine and histidine residues. The b-type product ions, detected as b n -45(D) (n=2, 5, 6, 9) for the radical precursor cations, were all present in the spectrum of the even electron species, and did not exhibit COOH · loss, as expected.
Scheme 5. CID, IRMPD and EID fragmentation summary a of radical cations of neurotensin. a Backbone product ions exhibiting one amino acid side chain loss are also included if their relative abundance was ≥5% for CID and IRMPD and ≥0.5% for EID
Despite the fact that a wide range of product ions i.e., a-, b-, y-, x-, and z-type was observed in IRMPD of the doubly and triply charged species, some backbone product ions were only observed for either the doubly or triply charged radical species (Figure 2a , and Scheme 2). In addition, the relative intensities of common product ions significantly differed between the two spectra as illustrated in Figure 2a . For instance, the a 3 product ion was detected with a relative intensity of~4% and~25% for the doubly and triply charged species, respectively. The MS 3 CID and IRMPD spectra of the triply charged radical cations of angiotensin I shared some commonalities, including CO 2 loss, tyrosine side chain loss, abundant formation of y 4 product ion and extensive COOH · loss from aspartic acid. Nevertheless several product ions were only detected in IRMPD (Scheme 2). All product ions present in CID were also detected in IRMPD. losses were absent. The only small neutral loss observed corresponded to CO 2 loss. The spectrum was dominated by formation of a-type product ions, as it was observed in CID and IRMPD. The a 6 and a 9 product ions were the most intense backbone product ions (Figure 2b ) and correspond to cleavage of the C α -C bond of histidine residues at position six and nine, respectively. One doubly charged product ion corresponding to [M -CO 2 ] 2+·· (notation is to indicate that the molecule carries two charges and two unpaired electrons) species was observed. Formation of this doubly charged species is due to electron ionization (of the M +· precursor ions) caused by the high energy electrons (910 eV) employed in EID. Our observations are in agreement with previous reports in which it was demonstrated that protonated polypeptides can increase their charge state after irradiation with high energy electrons (≥10 eV) due to further ionization of the precursor ions [1, [53] [54] [55] [57] . We note that the nature of the precursor ions used in our experiments is a hydrogen deficient odd electron species, whereas the precursor ions used in the aforementioned reports is an even electron species [1, 53, 55, 57] . Nevertheless, in both cases a doubly charged species is formed from a singly protonated precursor ions, suggesting that both odd and even electron precursor ions undergo further ionization upon irradiation with high energy electrons.
Doubly Charged Radical Cations [M + H] 2+·
Following MS 3 EID of the doubly charged radical precursor ions of angiotensin I, (Figures 2b and 3b, Scheme 2) , a large number of backbone product ions including a-, b-, y-, and x-type were detected. Enhanced cleavage next to aromatic residues is indicated through the formation of abundant a 3 , a 4 and x 2 -CO 2 product ions (Figure 2b) . Charge driven fragmentation, was also favorable for this charge state yielding intense b 2 , y 2 , and y 4 product ions. The triply charged electron-ionized species [M + H] 3+·· , at m/z= 432.2284 (Figure 3b ), was also abundant. As discussed (Tables S10-S12 and S19-S21). For simplicity the charge state of the product ions and hydrogen atom losses are not shown above, the formation of this species is due to further ionization of the [M + H] 2+· precursor ions. Amino acid side chain losses were less extensive in EID, compared with the results obtained in CID and IRMPD. Furthermore, few product ions were unique for each dissociation technique, but for all three techniques both radical and charge driven processes contributed to the fragmentation outcome of the doubly charged radical cations.
Triply Charged Radical Cations [M + 2H] 3+·

MS
3 EID of the triply charged radical cations of angiotensin I (Figure 3c and Scheme 2) yielded a large number of backbone product ions. Even though cleavage next to aromatic amino acids did not dominate the spectrum, product ions, i.e., a 3 and z 2 · -56(L), corresponding to such cleavages were present in relatively high yields (Figure 2b ). In addition, side chain losses and formation of several a-, z-, and x-product ions were detected. Product ions derived from charge driven dissociation, i.e., b-and y-type, were abundant, with the y 2 representing the most abundant product ion. Similar to the results obtained for the other charge states, side chain, and neutral losses were less abundant compared with the results observed in MS 3 IRMPD. In addition, as illustrated in Scheme 2, several backbone product ions were present only in EID or IRMPD. ]-Angiotensin III, side chain loss from tyrosine (106.042 Da), CO 2 loss, and formation of the a 5 product ion, resulting from cleavage at the C α -C bond of the histidine residue, were the predominant fragmentation pathways (Figure 4a) . One additional backbone product ion, a 4 , corresponding to cleavage at the N-terminal side of histidine was also present. These results are analogous to those observed in CID, although in CID more extensive backbone fragmentation and more side chain cleavages were observed ( Figure S2 ). (Figure 4a ). Similar to MS 3 IRMPD of angiotensin I, MS 3 IRMPD of the doubly charged ions resulted in the formation of a-,b-, y-, x-, and z-type product ions. In addition, several a-type product ions, which were not observed for the singly charged radical cations, were detected for the doubly charged species. Interestingly, the CO 2 loss, which was very abundant for the singly charged radical precursor ions, was not observed from the doubly protonated precursor ions. The major fragmentation pathways for the doubly charged species corresponded to the formation of ]-angiotensin III, several backbone product ions detected in IRMPD were absent in CID (Scheme 3), and relative intensities of common product ions were different (Figures 4a and S2 ). For instance, following CID, the base peak corresponded to tyrosine side chain loss, whereas in IRMPD the base peak was the [b 5 -H -86(R)] ion. Furthermore, amino acid side chain losses from the product ions were more pronounced in IRMPD. This behavior is not surprising because these cleavages are a result of secondary fragmentation (resulting from multiple bond cleavages). In IRMPD, primary product ions can further absorb IR photons and thereby become further activated to yield secondary product ions. In fact, for the majority of the radical cations examined here, secondary product ions were more abundant in the IRMPD spectra. (Figure 4b ), several fragmentation pathways were similar to those observed in MS 3 IRMPD and CID. These pathways include formation of a-type product ions, CO 2 loss from the radical precursor ions and extensive tyrosine side chain loss (106.042 Da). Formation of a 5 product ion, due to cleavage at the C-terminal side of histidine, was the dominant dissociation pathway. In addition, a 3 , a 4 , a 6 , and a low intensity b 5 product were also detected. The extent of backbone fragmentation in EID was comparable to CID, although EID was more selective in forming a-type product ions (Scheme 3). Compared with IRMPD, EID resulted in more backbone product ions (Scheme 3). (Figure 4b ). These included formation of a-, b-, y-, and z-type product ions and side chain losses from the precursor and product ions. These side chain losses were more dominant in IRMPD. Favorable cleavages next to tyrosine to produce abundant a 2 and a 3 and tyrosine side chain losses were also in agreement with the results obtained in CID and IRMPD. The y 2 product ion, corresponding to cleavage N-terminally to proline, was also dominant. Formation of c-type product ions, c 2 · and c 4 · , were only present in EID. Furthermore, as noted for angiotensin I, some backbone product ions were unique for each dissociation technique (Scheme 3).
Doubly Charged Radical Cations
MS 3 IRMPD of ACTH 1-10
Singly Charged Radical Cations M +· MS 3 IRMPD of ACTH 1-10 ( Figures 5a and 6a ) yielded several product ions corresponding to small neutral losses, i.e., H 2 O and CO 2 , and amino acid side chain losses. Most of these amino acid side chain losses were also detected following MS 3 CID ( Figure S3 ). In terms of backbone fragmentation, this was less extensive and less abundant in IRMPD. All observed backbone product ions corresponded to cleavages next to tyrosine, histidine and tryprophan (Scheme 4). The most abundant backbone product ions were the [a 9 -H 2 O] and [b 9 -H 2 O] due to cleavage C-terminal to tryptophan (Figure 6a ). In addition, the a 9 and b 9 product ions exhibited extensive amino acid side chain losses.
In contrast to the results obtained in IRMPD of the radical cations of angiotensin I and [Ile 7 ]-angiotensin III in which almost exclusive formation of a-type backbone product ions was observed, IRMPD of ACTH 1-10 produced a-, b-, c-, y-, and x-type product ions. These observations are analogous to those obtained in MS 3 CID of the same species (Scheme 4). Differences in the fragmentation behavior between the two angiotensin derivatives and ACTH 1-10 can be attributed to differences in amino acid composition and charge location. It has been shown that fragmentation channels for radical cations of GXR (where X represents any of the 20 naturally occurring amino acids) are not identical and depend on the nature of the side chain of X [34] . The authors suggested that the radical is located at different positions on the tripeptide and, thus, allows for a wide range of fragmentation channels [34] . Furthermore, it was suggested that fragmentation of peptide radical cations depends both on the nature and position of the residues in the sequence [32] and it was also shown that dissociation of bradykinin analogues is different from the dissociation of angiotensin analogues [36] . Therefore, differences in the fragmentation behavior between the two angiotensin derivatives and ACTH 1-10 can be attributed to sequence differences. This can be further supported by the observation that for angiotensin I and [Ile 7 ]-angiotensin III, which have similar amino acid composition, similar fragmentation pathways were observed.
In addition, for the two angiotensin derivatives the arginine is located at and next to the N-terminus, whereas for ACTH 1-10 the arginine is closer to the C-terminus. It has been previously shown that fragmentation of singly charged radical cations featuring an arginine residue close to the N-terminus (and therefore having the charge localized at the N-terminus) results in facile formation of a-type product ions [36, 40, 70, 71] . For peptides featuring an arginine residue close to the C-terminus, formation of a wide range of product ions including a-, y-, x-, and z-type product ions has been reported in the literature [16, 40] . Furthermore, the formation of x-and z-type product ions from peptide radical cations in which the charge is localized on the C-terminus has been recently discussed in detail [40] . Similar to these reports, fragmentation of angiotensin I and [Ile 7 ]-angiotensin III resulted in favorable formation of a-type product ions, whereas for ACTH 1-10 formation of a-, b-, c-, y-, and x-type product ions was observed.
Doubly Charged Radical Cations [M + H] 2+·
Analogous to the results obtained for the other peptides examined, more extensive fragmentation was observed for the doubly charged radical cations of ACTH 1-10 compared with the singly charged species (Figures 5b and 6a , Scheme 4). Dominant fragmentation pathways were the formation of [z 2 -2H] · and c 8 product ions, with the latter Figure 5 . MS 3 IRMPD of (a) singly and (b) doubly charged radical cations of ACTH 1-10, SYSMEHFRWG-OH. More extensive fragmentation was observed for the doubly charged radical precursor ions and cleavage at the N-terminal side of tryptophan residue dominates the spectrum. Only the major peaks are labeled in the Figure. A complete list of all observed product ions is given in Supplemental data, Tables S15 and S16. * = noise peak, # = more than one assignment possible based on m/z ratio being detected in both its singly and doubly protonated forms. Formation of these two complementary product ions corresponded to cleavage at the N-terminal side of tryptophan. It is worth pointing out that ACTH 1-10 was the only peptide for which formation of c-type ions represented a dominant fragmentation pathway. Formation of the [z 2 -2H] · product ion can be explained by the unpaired electron being located at the tryptophan and the second hydrogen atom loss resulting from a hydrogen rearrangement. Loss of one and two hydrogen atoms from z-type product ions having a tryptophan adjacent to the radical site have been previously reported in ECD [72] . An abundant CO 2 loss, presumably from the C-terminus, is observed from the [z 2 -2H] · product ion. Cleavages at the C-terminal side of tryptophan, resulting in the formation of a 9 and [b 9 -H] · were also observed, in agreement with the results observed for the singly charged counterpart. Nevertheless, cleavages at tryptophan were more dominant and more abundant in the spectrum of the doubly charged radical cations. Interestingly, cleavages associated with the presence of tyrosine were substantially suppressed. Therefore, for this doubly charged peptide, fragmentation was largely controlled by the presence of tryptophan. We can postulate based on these observations that for ACTH 1-10 the radical migrates to tryptophan and through radical rearrangement at the π system and at the α-or β-carbon of the side chain, promotes further fragmentation. Furthermore, the preferential cleavage at tryptophan versus tyrosine can be explained based on their calculated bond dissociation energies (β BDEs), which have been suggested to play an important role in the fragmentation of peptide radical cations [44] . Tryptophan has a lower β BDE and therefore cleavages at this residue are more favorable when compared to cleavages at tyrosine featuring higher β BDE. Abundant tryptophan side chain loss and/or favored cleavages next to tryptophan were also detected in MS 3 CID of ACTH 1-10 ( Figure S3 ), in agreement with previous observations [17, 38, 44] , and they have also been reported in electron-based (Tables S15-S16 and S24-25). For simplicity the charge state of the product ions and hydrogen atom losses are not shown. # = more than one assignment possible based on m/z ratio reactions of protonated and deprotonated peptides containing tryptophan [56, [73] [74] [75] .
Secondary fragmentation corresponding to H 2 O and CO 2 losses and side chain losses from methionine (C 3 H 6 S 74.019 Da, C 2 H 5 S · 61.0112 Da) and arginine (C 3 H 8 N 3 · 86.0718 Da) were observed from the product and precursor ions. Similar fragmentation pathways were observed between the MS 3 CID and IRMPD spectra of the doubly charged radical cations of ACTH 1-10 (Figures 6a and S3 ). One notable difference was the significantly lower intensity of the [z 2 -2H] · in MS 3 CID ( Figure S3 ).
MS 3 EID of ACTH 1-10
Singly Charged Radical Cations M +· For the singly charged radical cations of ACTH 1-10, EID yielded only three backbone product ions, a 9 , b 9 -H 2 O, and y 5, (Figure 7a and Scheme 4) with a 9 and b 9 -H 2 O corresponding to cleavage next to tryptophan. As shown in Figure 6b , the spectrum was dominated by CO 2 (Figures 6b and 7b ) resulted in the formation of a-, b-, c-, y-, and z-type product ions along with amino acid side chain losses from the precursor and product ions. The EID spectrum was governed by preferential cleavage at the N-terminal side of tryptophan to produce the [z 2 -2H] · and c 8 product ions, and tryptophan side chain loss. These fragmentation patterns were very similar to those obtained in IRMPD and CID, although secondary fragmentation was observed to a lesser extent in EID. Few additional backbone product ions, including a 2 , a 8 , b 2 , y 3 , and y 5 were only observed in EID (Scheme 4).
MS 3 IRMPD of Neurotensin
Doubly Charged Radical Cations [M + H] 2+·
For neurotensin, which was the largest peptide examined here, the MS 3 IRMPD spectrum displayed a very large number of product ions (Scheme 5). The resulting spectrum is considerably more complex compared with the MS 3 IRMPD spectra of peptide radical cations of angiotensin I, [Ile 7 ]-angiotensin III, and ACTH 1-10. Many of the product ions corresponded to minor fragmentation pathways as they were detected with low yields. For a number of product ions, multiple assignments were within 10 ppm mass accuracy, complicating spectrum interpretation. For example, the Figure 7 . MS 3 EID of (a) singly and (b) doubly charged radical cations of ACTH 1-10, SYSMEHFRWG-OH. Very limited backbone bond fragmentation was observed for the singly charged radical cations and the majority of the product ions corresponded to side chain and small neutral loses. By contrast, a large number of backbone product ions were observed for the doubly charged radical precursor ions. A complete list of all generated product ions is given in Supplemental data, Tables S24 and S25. * = noise peak, ? = unidentified product ions, # = more than one assignment possible based on m/z ratio product ion detected at m/z 757.417 can be assigned as a 12 or
. This ion was also detected in the CID spectrum ( Figure S4 ).
Despite the complexity of the spectrum, several fragmentation patterns can be revealed as illustrated in Figure 8a . Formation of a 11 product ion corresponding to cleavage at the C-terminal side of tyrosine was dominant. Another abundant product ion, which can be assigned to (Tables S17-S18 and S26 -27) . For simplicity the charge state of the product ions and hydrogen atom losses are not shown. # = more than one assignment possible based on m/z ratio tyrosines. A large number of backbone product ions, mainly a-, b-and y-, was also observed (Scheme 5), but these product ions were of lower intensity. The vast majority of backbone product ions exhibited extensive secondary fragmentation corresponding to amino acid side chain losses. The fragmentation pathways observed for the triply charged radical cations were very similar to those observed for the doubly charged species, although some product ions were only detected for the doubly or triply charged species.
The majority of amino acid side chain losses observed in MS 3 IRMPD of the triply charged radical cations of neurotensin was also present in the MS 3 CID spectrum. Abundant formation of the a 11 product ion was common for both dissociation techniques and fragmentation associated with tyrosine, either through side chain loss or backbone fragmentation, was favorable. Significant differences in backbone product ion abundances, with the exception of a 11 , were apparent. Furthermore some backbone product ions were unique for CID or IRMPD (Scheme 5). For example, following CID, the backbone product ions y 10 , y 11 , and z 10 were detected with high abundances ( Figure S4 ). In IRMPD, the y 10 was absent and the latter two were detected with very low intensities. (Figure 8b and Scheme 5). The most abundant product ion in the EID spectrum was the a 11 product ion followed by the triply charged electron ionized species, [M + H] 3+·· , at m/z= 557.6408. The a 11 product ion corresponds to cleavage next to tyrosine at position 11.
Similar to IRMPD and CID, several side chain losses were observed following EID (Figure 8b ). A major difference between EID and IRMPD was that in EID amino acid side chain losses from the precursor and product ions were suppressed and a large number of backbone product ions were detected with relatively high yields, resulting in a considerably less complex spectrum (Figure 8 ). These backbone product ions include a-, b-, c-, y-, x-and z-type product ions, and with the exception of a 11 and a 12 , they were detected with comparable yields. The a 12 product ion corresponded to cleavage C-terminal to tyrosine. Internal product ions detected at low m/z ratios were also present in EID, but were absent in CID and very few were observed following IRMPD.
Triply Charged Radical Cations [M + 2H] 3+·
MS
3 EID of the [M + 2H] 3+· precursor ions of neurotensin yielded extensive backbone bond cleavages resulting in the formation of a wide range of product ion types. Product ions resulting from charge, i.e., b-and y-, and radical mediated fragmentation, i.e., side chain losses, a-, c-, x-, and z-, were detected with comparable yields (Figure 8b ). Backbone bond fragmentation next to aromatic residues was apparent from the formation of z 10 -CO 2 -NH 3 [and/or x 10 -44(N) -59(E)], a 3 and a 11 product ions. The latter was detected as both a doubly and triply protonated ion. In terms of charge mediated fragmentation the most abundant product ions were y 2 , y 4 , y 7 -2H, y 9 , and b 3 . Furthermore, abundant internal product ions were present.
EID resulted in a larger number of backbone product ions when compared to IRMPD and CID, but side chain losses were analogous to those detected in MS 3 CID and IRMPD (Scheme 5 and Figure 8b) . Furthermore, following IRMPD of neurotensin, radical mediated fragmentation was more favorable, whereas in EID charge and radical driven processes contributed more equally to the dissociation outcome. Both the doubly and triply charged radical cations resulted in extensive backbone bond fragmentation, but as noted for the other peptides examined, several product ions were unique for each charge state (Scheme 5). Furthermore, for the doubly charged species cleavage next to tyrosine to produce the a 11 ion was more dominant compared with charge directed fragmentation. For the most part, common amino acid side chain losses were observed for both charge states. For all peptide radical cations examined here, doubly and triply charged species exhibited more extensive fragmentation than their singly charged counterparts, regardless of the activation technique employed for fragmentation ( Figures 2, 4, 6 , and 8 and S1-S4). The formation of many of these product ions was due to dissociation channels, including both radical and charge driven processes, not observed for the singly charged species, suggesting that a wider range of fragmentation pathways are accessible for doubly and triply charged radical cations. MS 3 CID, IRMPD, and EID fragmentation of the M +· precursor ions was mainly governed by radical driven dissociation. These observations are in agreement with previous reports, in which it was suggested that the arginine residue sequesters the proton and fragmentation proceeds through radical directed process [32, 34, 70] . For doubly and triply charged radical cations, due to the addition of the extra proton(s), charge mediated fragmentation to produce b-and y-type product ions became also favorable ( Figures 2, 4, 6 , and 8 and S1-S4). These results suggest that for doubly and triply charged peptides examined herein the charge state also plays a role in the dissociation outcome of radical cations by promoting charge driven fragmentation. Interestingly, the majority of dissociation pathways observed for the singly charged species that were radical driven were still present in the spectra of [ precursor ions both radical and charge directed processes contributed to the dissociation outcome. In contrast, singly charged species examined herein fragment mainly through radical driven dissociation, presumably due to the presence of the arginine residue. It is worth noting that several product ions, i.e., a-, c-, z-, and x-, and side chain losses, which are believed to be formed through radical mediated fragmentation [21, 36, 38, 40, 44] , were present in the spectra of the doubly and triply charged radical cations but were absent for the singly charged species. Several factors may attribute to this behavior. For singly charged species, charge localization at a specific residue, i.e., arginine, will prevent detection of product ions not containing a charge since these will be neutral and therefore not detectable. Increasing the peptide charge state increases the probability of product ions being charged and therefore detectable. This assumption is in agreement with the results obtained in MS 3 IRMPD and EID of the singly charged radical cations for which all observed product ions contained the basic arginine residue. For MS 3 CID few product ions not containing the basic arginine were present, but these were detected with low intensities. For doubly and triply charged species, product ions not containing the arginine residue were detected. Most of these product ions contained a histidine residue.
Another possible explanation is that the second charge lowers additional dissociation barriers or increases radical mobility and therefore allows new backbone bonds to become accessible to radical initiated fragmentation.
Peptide gas phase structure is an additional factor, which can affect the dissociation outcome, and it is very likely that peptide charge state can affect gas phase structure. Furthermore, Laskin and coworkers suggested that depending on the structure and the binding mode of the peptide to the metal complex, different peptide gas phase structures can be generated [39] . The authors showed that for angiotensin III and its methylated analogue, two different populations of radical cations exist due to different binding modes, neutral versus zwitterionic coordination, to the metal complex. Differences between threshold energies and activation entropies were observed for the two populations [39] . We can therefore postulate that the binding mode of the peptide to the metal complex can be affected by the peptide charge state and, therefore, different gas phase structures will be generated from different peptide charge states. For instance, an abundant CO 2 loss was observed from the singly charged radical cations of [Ile 7 ]-angiotensin III, whereas this loss was absent for the doubly and triply charged counterparts (Figures 4 and S2) . Based on this observation and on previous reports [32, 34, 39] , we can speculate that singly charged species of [Ile 7 ]-angiotensin III bind to the metal complex as a zwitterion via the C-terminal carboxylate group and upon CID of the [Cu(II)(terpy)M] 2+· complex, the resulting carboxylate radical undergoes facile CO 2 loss. For the doubly and triply charged species, no CO 2 loss was observed, suggesting different binding modes of the peptide to the metal complex and possible generation of different peptide gas phase structures upon CID. Therefore, differences in fragmentation behavior can be attributed to different peptide gas phase structures as a result of the peptide charge state and the binding mode to the metal complex.
Doubly and triply charged radical cations exhibited very similar fragmentation, with the majority of product ions being detected from both charge states, but some backbone product ions and amino acid side chain loses were unique for each charge state ( Figures 2, 4, 6 , and 8 and S1-S4). Differences in fragmentation behavior between doubly and triply charged species can be attributed to the addition of the third charge, differences in charge location, and peptide gas phase structure, as discussed above.
Conclusions
We have investigated MS 3 IRMPD and EID of singly, doubly, and triply charged radical cations produced by CID of their corresponding [Cu (II) (terpy)(M + nH)] (n+2)+· complexes and compared the observed fragmentation pathways with those obtained in MS 3 CID. Our results demonstrated that dissociation of hydrogen deficient peptide radical cations was highly dynamic and diverse. Although several common fragmentation pathways were present for all peptides and all charge states examined, several others were unique for each peptide, charge state, and method of ion activation.
Similar amino acid side chain losses, characteristic of radical mediated dissociation, were detected for all peptides and all three charge states examined, regardless of the dissociation technique employed. These side chain cleavages were dominant and were observed from both the precursor and product ions. In general, side chain losses were less extensive following EID.
Favorable cleavages at aromatic residues (His, Tyr, Trp, Phe), either through side chain losses or backbone bond fragmentation, represented another common fragmentation pathway. Our observations are in agreement with the results obtained from Julian et al. [44] who suggested that aromatic residues, due to their low β BDEs, are among the most competitive sites for β radical formation rendering them as the most favorite sites for backbone fragmentation. MS 3 CID, IRMPD and EID of singly charged radical cations were governed by radical driven dissociation result-ing, mainly in the formation of a-type product ions and/or side chain losses. For ACTH 1-10, in addition to side chain losses and formation of a-type product ions, b-, y-,c-, and xtype product ions were also detected with relatively high yields, suggesting that amino acid composition and charge location may also influence the dissociation outcome. These results are analogous to those previously reported in MS 3 CID of radical cations [16, 36, 40, 44, 71] .
Fragmentation of doubly and triply charged radical cations was governed by both radical and charge driven processes. A wide range of product ions, including, a-, b-, c-, y-, x-, and z-type, was observed, resulting in more extensive fragmentation compared with that obtained for the singly charged species. It is worth noting that several of these additional product ions, i.e., a-, x-, and z-type were due to radical directed fragmentation, but were absent from the spectra of the singly charged species. Differences in fragmentation behavior between singly and doubly, triply charged radical cations can be attributed to several factors such as the addition of the extra charge(s), (which will increase the probability of product ions being charged and therefore detectable), differences in peptide gas phase structures, lower dissociation barriers, and increased radical mobility.
Despite the similarities between the spectra of the doubly and triply charged species and between MS 3 CID, IRMPD, and EID, some differences were notable. Several backbone product ions and side chain losses were unique for each charge state or dissociation method. Furthermore, differences in the relative abundances of the product ions with respect to each other were observed between MS 3 CID, IRMPD, and EID. For doubly and triply charged radical precursor ions, the dominant fragmentation pathways, radical or charge driven, were highly dependent on peptide charge state, amino acid composition, and dissociation technique employed for fragmentation. Overall, gas phase dissociation of highly charged radical cations provided rich sequence information, which cannot be obtained from the even electron precursor ions following vibrational excitation.
